The edge over-coating (EOC) developed near the edge of a galvanized steel strip is numerically analyzed. The 3-D flow field with alternating vortices in the region away from the strip edge is investigated and the distributions of mean impinging pressure and shear stress on the strip surface are obtained by using a commercial 3-D flow analysis code, STAR-CD. It was found that the appearance of alternating vortices causes the surface pressure to decrease gradually approaching the strip edge. The coating thickness is calculated by one integral analysis method of the boundary layer momentum equation. A sample calculation of a benchmark experiment on EOC problem shows that the present analysis method yields a reasonably accurate prediction of EOC for a given plant operating condition. And the result demonstrates theoretically that EOC can be effectively remedied by adjusting the distance of the 2-D air-knife nozzle and by installing a baffle plate parallel to the end of the steel strip.
Introduction
In the continuous hot dip galvanizing process a heattreated steel strip is passed through a molten zinc bath and is drawn up with the molten zinc adhered on both strip surfaces as shown in Fig. 1 . Usually the thickness of the adhered zinc film is nearly 10 times thicker than desired so that the excessive zinc should be removed by certain methods: a gas wiping process is widely used for that purpose in most of the commercial plants. In the gas wiping process, upwardly moving steel strip is located between a pair of two-dimensional plane gas jets and the excessive zinc is wiped down by the impinging gas jets, which is called a gas knife system. This gas wiping process has a technical problem of non-uniformity of the coated film thickness: The zinc film near the strip edge is 1.4-1.8 times thicker than that in the strip centre region. This problem is called the edge over coating (EOC). This causes troubles in coiling and poor flatness of the steel strip after uncoiling. 1) Many researchers have suggested possible causes of EOC. One is the non-uniform viscosity across the strip.
2)
The strip edge is cooler than the strip center so that the increased viscosity of the coating metal in the edge region results in more resistive force to the wiping of the gas knife. Another possible cause is the difference in surface tension due to the non-uniform concentration.
3) The surface tension in the edge region that is denser than the center region is stronger and the molten zinc is dragged toward the strip edge from the center region. Takeishi and Morino 1) have demonstrated the effect of the surface tension on EOC in an experiment without gas wiping. They also assumed that EOC was influenced by the outward deflection of gas jet after impingement. Third one is the weaker wiping force near the strip edge region. This was pointed out quite early, but the reason why the wiping force decreases in this edge region has not been clearly understood yet. Even though several researchers including Ellen and Tu 4) showed experimentally that the coating thickness is determined by both the impinging pressure and the surface shear stress, most of the research works were carried out for the central region of the strip.
Although it is widely known that one of solutions to alleviate EOC problem in commercial lines is the installation of a pair of edge baffle plates parallel to the steel strip, 5) its alleviation mechanism is still under controversy. By employing an edge mask near the strip edge, Takeishi and Morino 1) could also prevent EOC in a commercial continuous hot-dip galvanizing line. The present study is addressed to fundamental understanding of the mechanisms of formation and prevention of EOC by the baffle plate. In order to understand the basic flow structure depending on the geometric setup of the gas knife and the baffle plate, the unsteady compressible flow and the pressure fields near the strip edge and on the strip surface are numerically calculated by using a commercial 3-D flow solver, STAR-CD, and a noble integral analysis method of the boundary layer equation is used to predict the coating thickness using the computed surface shear stress and impinging pressure distributions on the strip surface as the boundary conditions.
Numerical Analysis of 3-D Unsteady Compressible
Flow in the Gas Wiping Process This equation reveals that the source of the pressure in high Reynolds number flows consists of the mean velocity and vorticity fields. Therefore, it is evident that the mean pressure field is nearly insensitive to the anisotropy of turbulent fluctuations. From this reason, the standard isotropic stress model was adopted as in Eq. (5). In addition, since the turbulent Mach number in our case is estimated to be around 0.2 from a similar experiment, 7) the dilatation dissipation should be negligibly small for this range of turbulent Mach number flow, 8) and it is not included in the above model Eq. (8) for the dissipation rate. 
Governing Equations and the Boundary Conditions
Schematic diagram of the gas knife system and the calculation domain are shown in Fig. 2 . Coordinate origin is taken at the edge of the strip on the axial plane of the gas knives. Since the flow field is homogeneous in the spanwise direction within the center region a Neumann condition is given at the plane zϭ150 mm. The upper and the lower boundary planes at xϭϮ72.5 mm are assumed to be at the atmospheric pressure condition. Both surfaces of the strip are treated as moving boundaries with no-slip condition on the surface. A difficulty lies in locating the left side computational boundary in the region away from the strip edge. Here the two opposing jets are impinging directly on each other and the computational domain that would include the boundaries under exact atmospheric pressure condition is prohibitively large for numerical computation. For practical purpose of the present computation, therefore, Neumann boundary condition with an additional condition of zero crossing flow was assumed on this left side computational boundary, and in order to access the dependence of the computed results on the location of the computational boundary three distances SϭH, 3H and 5H had been tested, where H is the distance between the two nozzle exits of the gas knife system. Figure 3 demonstrates the dependence of the computed surface pressure distributions on the distance S. It is seen that if the computational boundary is located at SϾ3H, the surface pressure is not dependent on the location of the boundary with the assumed boundary condition. Therefore in the present computations, the left boundary was located at Sϭ3H and a total of 232 232 structured grids were used with finer meshes in the strip edge region as shown in Fig. 2(b) . In order to simulate the unsteady behavior of the flow field, time step was taken to be Dtϭ0.05 H/V which was turned out to be about 1/100 of the period of the surface pressure oscillation. The jet speed V and the temperature at the nozzle exit were set at the values such that the nitrogen gas with stagnation pressure of 130 kPa and stagnation temperature of 343 K was expanded into atmosphere from a high pressure reservoir.
Periodic Variation of Flow Field and Effects of
Nozzle Distance and Baffle Plate on the Surface Pressure Oscillation Figure 4 depicts the variation of velocity vectors in the cross-section near the axial plane at zϭ20 mm away from the strip edge where the two opposing jets are impinging directly on each other. Formation of alternating vortices on both sides of the axial plane can be clearly seen. At tϭ0 ms, the jet flow from the left-side nozzle flips downward whereas that from the right-side nozzle flips upward, forming clockwise vortices in both upper and lower regions of the axial plane of the opposing jets. At tϭ0.25 ms the flow directions reverse until tϭ0.75 ms when the clockwise vortices re-appear. Figure 5 compares the oscillating surface pressure at different distances from the strip edge and for different nozzle distances. It is inferred that the alternating vortices lead to the oscillation of the surface pressure on the steel strip. For a given nozzle distance, the amplitude of oscillation is larger at a point nearer to the edge, but the period is nearly the same for all three positions. Comparing the pressure variations for different nozzle distances, it is found that the frequency of oscillation and the mean surface pressure are lower for larger nozzle distance. The average surface pressure distributions for different nozzle distances are compared in Fig. 6 . Approaching to the strip edge, the average surface pressure decreases rapidly to reach a minimum at the strip edge. This indicates that the wiping force becomes weaker near the strip edge, which is the main cause of EOC. Also revealed in Fig. 6 is that such reduction in the wiping force in the vicinity of the strip edge increases with the increasing distance between the nozzle exits. When the distance H/dϭ20, the surface pressure decreases at the strip edge as much as 44 % of the center surface pressure. Figure 7(a) shows the geometric setting of a gas wiping system with a baffle plate and Fig. 7(b) represents the computed reduction rates of average surface pressure depending on the gap size between the strip edge and the baffle plate for a nozzle distance H/dϭ20. When the gap distance is very small, say G/Hϭ0.1, the surface pressure is, as was expected, nearly uniform across the strip. Reduction in surface pressure decreases with decreasing gap distance. When G/Hϭ0.2 the reduction rate of the surface pressure near the strip edge can be alleviated by as much as 77 % in comparison with the case without an edge baffle. Figure 8 depicts an analysis model of the gas wiping process. The gas jet issued from a wiping nozzle located at xϭ0 impinges normally on the surface of molten zinc film, and it deflects upward and downward to form two-dimensional plane wall jets. The steel strip moves upward at a constant speed U s . The surface of molten zinc film is represented by d(x, z) and the molten zinc flows at a speed u (x, y, z) . The jet impinging pressure and the wall shear In order to find the film thickness d(x, z), the distributions of impinging pressure, P(x, z), and the wall shear stress, t (x, z), are required as boundary conditions, which have been obtained for a gas wiping system of Hϭ24 mm, dϭ1 mm, stagnation pressure P 0 ϭ130 kPa and stagnation temperature T 0 ϭ298 K, by the commercial code, STAR-CD. The results are shown in Figs. 9(a) and 9(b) . Figure 10 represents the variation of the computed coating thickness along the longitudinal direction at zϭ16, 66.8 and 125.2 mm from the strip edge. It can be seen that the coating thickness becomes nearly constant in xϾ5 mm, and that the coating thickness becomes thicker approaching to the strip edge. Figure 11 displays the calculated coating thickness distribution across the steel strip compared with the experiment of Park et al. 5) Except the region in 10 mmϽzϽ 70 mm, the computed distribution is in good agreement with measured values. Another study by the present authors revealed that such discrepancy of about 10 % stems from the Marangoni convection that is caused by the different surface tension force due to the non-uniform temperature on the strip surface. In this sample computation, the edge is over-coated by about 60 % at zϭ10 mm in comparison with the strip center region by the difference in the impinging pressure. At zϭ30 mm, the ratio of EOC is about 23 %; 17 % is attributed to the non-uniformities of impinging pressure and the remaining 6 % may be due to the different surface tension force.
Computation of Coating Thickness

Derivation of Coating Thickness Formula
Conclusions
In order to investigate the edge over-coating phenomena in a continuous hot-dip galvanizing process, the 3-D flow field around two opposing jets onto a moving steel strip has been calculated with a commercial code, STAR-CD. It has been found that alternating vortices appear in the region away from the strip edge, which leads to rapid decrease in average surface pressure near the strip edge. Such reduction in the average surface pressure near the edge region was shown to cause most part of the edge over-coating problem by weakening the gas wiping force. It has also been observed that the reduction in the average surface pressure increases with the distance between the nozzle exits of the opposing jets. The effect of a baffle plate installed parallel to the strip edge is assessed by investigating the flow structure near the edge region, and it has been shown that the baffle plate can be used effectively to prevent the appearance of the alternating vortices, and thus to alleviate the reduction in the wiping force near the strip edge. An integral analysis method was used to formulate an equation to predict the coating thickness with calculated distributions of average surface pressure and the wall shear stress. A sample calculation of a benchmark experiment showed that the decreasing surface pressure field toward the strip edge is the main cause of the edge over-coating problem. About 10 % of the EOC is attributed to the Marangoni convection, of which estimation will be reported in a subsequent paper elsewhere. 
Nomenclature
